16 17 Dodders (Cuscuta spp., Convolvulaceae) are globally distributed root-and leafless 18 parasitic plants that parasitize a wide range of hosts. The physiology, ecology, and 19 evolution of these obligate parasites are still poorly understood. A high-quality 20 reference genome (size 266.74 Mb and contig N50 of 3.63 Mb) of Cuscuta australis 21 was assembled. Our analyses reveal that Cuscuta experienced accelerated evolution, 22 and Cuscuta and the convolvulaceous morning glory (Ipomoea) shared a common 23 whole-genome triplication event before their divergence. Importantly, C. australis 24 genome harbors only 19805 protein-coding genes, and 11.7% of the conserved 25 orthologs in autotrophic plants are lost in C. australis. Many of these gene loss 26 events likely result from the plant's parasitic lifestyle and large changes in its body 27 plan. Moreover, comparison of the gene expression patterns in Cuscuta 28 prehaustoria/haustoria and various tissues of closely related autotrophic plants 29 suggests that Cuscuta haustorium genes largely evolved from roots. The C. australis 30 genome provides important resources for studying the evolution of parasitism, 31 regressive evolution, and evo-devo in plant parasites. 32 About 1% of the flowering plants are haustorial parasites 1 , and some are 33 responsible for severe yield losses in many crops. Although the evolutionary history of 34 plant parasitism remains elusive, all parasitic plants, except the mycoheterotrophs, use a 35 specialized haustorial organ to extract water and nutrients through vascular connections 36 with the hosts 2 . The Cuscuta spp. (dodders) are typical obligate shoot parasites widely 37 distributed worldwide comprising ~ 194 species, and is the only genus of parasites in 38 Convolvulaceae (Solanales). Cuscuta plants have large changes of body plans, being leaf-39 and rootless throughout their lifecycles (Fig. 1a). They contain trace amounts of 40 chlorophyll, but cannot sustain themselves from their own photosynthesis. Although 41 whether Cuscuta plants are hemi-or holoparasites remains debatable, they could be 42 considered to be transitioning from hemiparasitism to holoparasitism. Through haustoria, 43 dodders not only obtain water and nutrients, but secondary metabolites, mRNAs, and 44 proteins from their host plants 3-5 . These features make Cuscuta an important model to 45 elucidate plant-parasite interactions and the evolution of plant parasites.
Genome assembly
The genome size of Cuscuta australis was estimated to be 272.57 Mb from k-mer 49 analysis. We next generated 26.6 Gb (97.6-fold coverage) of C. australis genome 50 sequences from a single-molecule real-time (SMRT) sequencing platform. The C. 51 australis genome sequence includes 249 contigs (N50 = 3.63 Mb), and these contigs were 52 further assembled to form 103 scaffolds (N50 = 5.95 Mb; Supplementary Table 1 ). In Table 2 ). The accuracy and heterozygosity were estimated to be 99.99% and 0.013%, 56 respectively ( Supplementary Table 3 ). A total of 155 Mb of repetitive elements were 57 identified in the C. australis genome ( Supplementary Table 4 ). Comparison with 58 Ipomoea nil (Japanese morning glory; also Convolvulaceae), which is relatively closely 59 related, indicated similar proportions of different types of repetitive elements between the 60 two genomes ( Supplementary Table 4 ), although the I. nil genome contains many more 61 repeats than does the C. australis genome ( Supplementary Table 4 ), consistent with its 62 larger genome size (734 Mb). LTRs are the most dominant type of repeats in both C. 63 australis and I. nil ( Supplementary Table 4 ), and we specifically inspected the 64 LTR/Gypsy and LTR/Copia superfamilies. These two genomes exhibit large differences in 65 LTR/Gypsy (84,083 in I. nil and 24,453 in C. australis) and LTR/Copia (96,355 in I. nil 66 and 43,853 in C. australis) copy numbers; moreover, the sequences of LTR/Gypsy and 67 LTR/Copia members have also diverged as revealed by phylogenetic analysis 68 ( Supplementary Fig. 1 ). 69 Based on de novo gene structure prediction, homology comparison, and transcript 70 data of both C. australis and the closely-related relative C. pentagona 6 , 19671 genes 71 could be annotated. 72 Phylogeny analysis 73 The phylogenetic position of Cuscuta was determined using 1796 one-to-one 74 orthogroups (Supplementary Data 1b) identified from C. australis, Arabidopsis thaliana, 75 and six lamiids plants -the Solanales Ipomoea nil, Solanum tuberosum (potato), Solanum 76 lycopersicum (tomato), and Capsicum annuum (pepper), the Gentianales Coffea 77 canephora (coffee), and the Lamiales Mimulus guttatus (monkey flower) (for simplicity, 78 these seven autotrophic species are collectively named 7Ref-Species). Consistent with 79 their phylogenetic relationship, Cuscuta forms a sister group with Ipomoea, and we 80 estimated that these two lineages split ~ 33 million years ago ( Supplementary Fig. 2) . 81 Notably, Cuscuta shows a much longer branch than does Ipomoea (Fig. 1b) , providing 82 genome-wide evidence consistent with the hypothesis that parasitic plants evolve 83 rapidly 7,8 . This result is statistically significant by both two cluster analysis and relative 84 rate test ( Supplementary Table 5 and Supplementary Table 6 ). Previously, a whole-85 genome duplication (WGD) event was detected in Ipomoea 9 . The syntenic blocks and 86 trees of the syntenic gene groups of Cuscuta and Ipomoea vs Coffea genome indicate that 87 Cuscuta and Ipomoea experienced a whole-genome triplication event before their 88 divergence from a common ancestor ( Fig. 1c, d , Supplementary Fig. 3 to 5, 89 Supplementary Table 7) . 91 Parasitism and large changes of body plan in Cuscuta suggest that many gene 92 families might have experienced substantial alterations in sizes, including those that 93 function in leaf and root physiology. To study gene family expansion and contraction, a 94 rigorous bioinformatic pipeline was adopted to identify gene families (details see 95 Supplementary Note 2). In addition, the genome of Utricularia gibba (Lentibulariaceae; 96 an aquatic carnivorous bladderwort plant) was included in the analysis, given that U. 97 gibba also exhibits large changes in body plan (e. g. no true roots). We identified a total 98 of 13981 gene families in C. australis, U. gibba, and the 7Ref-Species (Supplementary 99 Data 1a); among these, 1256 and 478 families in C. australis and 605 and 848 families in 100 U. gibba were found to have had significant contractions and expansions, respectively, 101 revealed by a maximum-likelihood analysis ( Fig. 2a ; Supplementary Data 1a). Moreover, 102 box plots of the F-indices (details see Supplementary Note 2), which describe the 103 differences among the gene numbers of the conserved gene families in the 7Ref-Species 104 (namely, in Arabidopsis and at least five of the six remaining autotrophic species), 105 indicate that in C. australis and U. gibba, gene numbers in 72 and 62% of the conserved 106 gene families are below the averages, respectively ( Fig. 2b ).
90

Contractions and expansions of gene families
107
Overall gene losses 108 The drastic contractions of gene families in C. australis and U. gibba suggest 109 strong gene losses in their genomes. To identify specific orthologous genes that are lost 110 in C. australis and U. gibba, we developed a stringent analysis pipeline to divide each 111 gene family into small orthogroups using a method combining phylogenetic and syntenic 112 analysis (details see Supplementary Note 3) and the functional annotations were assigned 113 using Arabidopsis as the reference ( Supplementary Fig. 6 ). This analysis resulted in . 128 We next inspected the tissue-specific expression patterns of the S. lycopersicum 129 and I. nil (the closest autotrophs to Cuscuta among the 7Ref-Species) orthologs in the 130 1402 orthogroups, whose Cuscuta members are lost (Supplementary Data 1d). It was 131 found that these orthologs' principally expressed tissues (the tissues, in which the 132 expression levels of a given gene are at least 1-fold greater than the averages of its 133 expression levels in other tissues, are defined as the principally expressed tissues for that 134 gene) are the leaves and root of both S. lycopersicum and I. nil (Fig. 3a) . These data are 135 consistent with the leaf-and rootless body plan of Cuscuta. Data 1c) , 175 including the well-known FLC, FRI, SVP, AGL17, and CO (Fig. 3b) . Moreover, the circadian clock genes ELF3 and 4, ARR3 and 4, and CDF1 and 3 are also missing. FKF1 177 and CIB1, which are essential in the photoperiod pathway, are also lost ( Fig. 3b ). 178 Flowering time is controlled by multiple pathways 15 , and it appears that the vernalization, 179 temperature, autonomous, circadian clock, and photoperiod pathway all seem to be 180 nonfunctional ( Fig. 3b ). It is conceivable that dodders may eavesdrop on a host flowering 181 signal(s), hypothetically FT/florigen, to modulate their own flowering time, as much 182 earlier or later flowering times of Cuscuta than those of the hosts could conceivably 183 reduce Cuscuta fitness.
184
Loss of defense genes 185 Leaves and roots are the most common sites of pathogen and insect infestation. 186 We speculate that after the ancestor of Cuscuta became leaf-and rootless, relaxed I. nil were mostly found to be the roots ( Supplementary Fig. 9, Supplementary Data 1d) . 220 These data imply that the evolution of Cuscuta haustorium may be related to expression 
300
Large scale gene loss is also evident from the genomic data of human parasites 301 Pediculus humanus humanus (body louse) 22 , Trichinella spiralis (a zoonotic nematode) 23 , 302 and Giardia lamblia (an intestinal protist) 24 , and from an Arabidopsis pathogen, the 303 obligate biotrophic oomycete Hyaloperonospora arabidopsidis 25 . Here, we also detected 304 that U. gibba genome also experienced a large number of gene loss events during its 305 evolution, likely resulting from its body plan changes (mainly loss of root) and lifestyle 306 alteration (carnivory). It would also be of importance to compare the genomes of Cuscuta 307 and those of Orobanchaceae root parasites. We expect that Orobanchaceae parasites, 308 especially holoparasites, such as Orobanche species, may also have a large number of 309 lost nuclear genes, some of which may bear the same functions as those in Cuscuta, such 310 as the genes that function in leaf development and photosynthesis. The C. australis 311 genomic data strongly support the notion that regressive evolution, which is associated 312 with extensive gene loss, is likely to be pervasive and adaptive during the evolution of 313 holo-/obligate parasites 26, 27 . Comparative genomics between the genome data of C. PacoBio data. N50 of the resulted scaffolds reached 5.9 Mb. SSPACE-LongRead 34 (v1-1) 363 was further applied to build superscaffolds with PacBio long reads, nevertheless, no 364 linking information between scaffolds were found and no improvements were acquired 365 ( Supplementary Table 1 ).
366
Assembly completeness, accuracy, and heterozygosity assessment. The completeness 367 of the PacBio assembly was estimated by checking a set of genes widely conserved in 368 eukaryotic genomes with CEGMA 35 (v2.5). The accuracy and heterozygosity rate of the 369 genome assembly were estimated using the following procedure: Adaptors were removed 370 from the short paired-end reads obtained from the 350-bp insert size library, and then the 371 reads were aligned to the PacBio assembly, which had been corrected with Pilon 32 372 (v1.18), using bowtie2 36 (v 2.2.4) to generate a bam file. A total of 97.9% reads could be 373 mapped. Samtools 37 (v 1.3.1) were used to sort bam file, and Freebayes 38 (v1.1.0) was 374 applied to call variants. Compared with PacBio assembly as the reference genome, 375 homozygous SNPs or indels were considered to be assembly errors, and heterozygous 376 SNPs or indels were regarded as heterozygous sites. The accuracy was estimated to be 377 99.99% and heterozygosity was estimated to be 0.013% ( Supplementary Table 3 ). Error 378 rate of the genome assembly before Pilon correction was also estimated using the same 379 set of methods. A total of 980 SNPs and 101825 Indels were corrected after polishing. In total, 30 contigs ( Supplementary Table 2 ) comprising 1,906,600 bp were 394 identified as organellar sequences, each with sequencing depths ranging from 582.3 to 395 3267.5 , and one contig C141C with a length of 85,214 bp shows the characteristics of a 396 complete circular plastid genome ( Supplementary Fig. 8 ).
397
Illumina reads cleanup and assembly. de novo assembling the Illumina short reads was 398 performed based on the previously reported pipeline Phusion-meta (v2.3) with several 399 minor modifications 41 . Briefly, after removing low-quality reads containing ten or more 400 unique k-mers, the paired-end reads were clustered into thousands of groups by 401 Phusion2 42 (v2.3) with k-mer at 51 bp. The reads within each cluster were assembled into 402 contigs with N50 of 17 kb using the Fermi 43 (v1.1) and SOAPdenovo 44 (v2.04) software. 403 All the obtained contigs from above were merged by the aligner GAP5 45 (v2.0.0b11), 404 which were then used to build the scaffolds with the mate-paired reads from the 2-k and 405 5-k libraries hierarchically and iteratively with SOAPdenovo 44 (k-mer at 81 bp), resulting 406 in an assembly with the N50 of 214 kb and length of 266.9 Mb.
407
Identification of repetitive elements. To identify repetitive elements in Cuscuta 408 australis, we first used de novo prediction to build a custom database of repeats in 409 Cuscuta australis with RepeatModeler 40 (v1.0.4). Then we used Repeatmasker 40 (v4.0.6) 410 to annotate the repetitive regions in Cuscuta australis genome based on our custom 411 database and the models of repeats from RepBase 46 (release 22.10). TRF 47 (v4.0.7b) was 412 used to improve finding of simple tandem repeats. After the redundant results were 413 removed, the repetitive elements were annotated using Repeatmasker (Supplementary   414   Table 4 ). In this manner, 58% of the genome regions were identified as the repetitive 415 regions. To facilitate comparison of the repeats between Cuscuta australis and Ipomoea 416 nil, the same pipeline was also used for the genome of Ipomoea nil. A total of 2138 and
